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Abstract 
 
In this paper, high strength and high conductivity Cu-18%vol.Nb micro-composites were fabricated by the bundling and drawing 
process. The materials experienced severe plastic deformation during the repeating bundling process, which accumulated plenty of 
dislocations and vacancies among Cu/Nb interface, Cu matrix and Nb filaments. The morphology of Cu matrix recrystallization has 
been observed. And it exhibits great difference between Cu at the edge area and that adjoining Nb filaments. Resistance 
measurements are introduced to realize the recrystallization behaviour of this kind of materials. The introduction of Nb elements to 
Cu shown great influence on the form of dislocations and deformation twins, and resistivity of Cu matrix varies significantly with 
the addition of filaments connecting with changes of defect density.  
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1. Introduction 
  
Ultrafine-grained (UFG) materials are becoming promising candidates for engineering applications due to 
excellent mechanical properties as well as good plasticity, which permits to obtain relatively large massive volumes of 
material with micro- or nano- structure [1]. For conventional alloys, the improvement of mechanical strength will lead 
to a dramatic loss of ductility. Recently, severe plastic deformation (SPD) process, as Equal Channel Angular Pressing 
(ECAP) [2], Accumulative Roll Bonding process (ARB) [3] and bundling and drawing process (B&D) [4], has been 
developed significantly, which solved the problem quite well. 
Cu-Nb micro-composites with classic micro- or nano- structure have exhibited excellent strength and conductivity. 
And this kind of materials as one of the optimal choices has made great progress in high field pulsed magnets area.  In 
near recently, the new target of non-destructive high pulsed magnet has almost been approached by Los Alamos 
National Laboratory (LANL) to the points of 103.5T with Cu-Nb micro-composites [5]. To satisfy the ever growing 
properties requirement of pulsed magnets, the study on deformation mechanism, strengthening characteristics and 
recrystallization behaviour is important. 
The recrystallization of Cu alloys (e.g. Cu-Al, Cu-Zn and Cu-Sn system) has been researched extensively [6]. In 
some conditions, annealing leads to strength enhancement and ductility loss. With the development of research, the 
inconsistent results were founded in nano- and UFG materials.  For Cu alloys, the refinement of the grains and sub-
grains structure by imposing a SPD process induces great lattice distortion, net-work dislocations and stacking fault 
energies  which evolved with the content of work hardening and the logical true strain.  Different from traditional Cu 
alloys, Cu-Nb micro-composites prepared by B&D process are composed of hundreds of millions of Nb filaments and 
several kinds of Cu layers with size from micrometer to nanometer. Cu/Nb interface acts as barriers prevent the 
movement of dislocations and twins. Also, the interface energy enhances greatly with the increasing of true strain. 
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Therefore, recovery and recrystallization will happen during annealing at low temperature. In this work, the resistance 
method is successful applied on the investigation on recrystallization behaviour of Cu-Nb micro-composites. 
 
2. Experimental 
 
 High strength and high conductivity Cu-Nb micro-composites were processed by B&D route which includes cold 
drawing, stacking and hot extrusion [4]. Highly pure Cu (99.99%) and Nb materials were selected for bundling and 
drawing route and the procedure was repeated for four times with the 85 segments bundling every time. After the SPD 
the logarithmic true strain  ( =ln (A0/A), where A is the final cross-section and A0 the initial cross-section of the first 
billet.) of the composites is 23.5. The final composites were composed of 854 continuous Nb filaments embedded in 
the Cu matrix and the Cu-18%vol.Nb for the analysis was made by the process.  
Composites were characterized by several materials science methods. The microstructure of Cu-Nb composite was 
observed by the OM. While electrical conductivity was measured by the four-probe method. The resistance 
measurements were performed with the same heating and cooling rates of 1K min-1 up to 500  in Ar2 atmosphere. 
 
3. Results and discussion 
 
3.1. Recrystallization morphology 
 
  
Fig. 1 Cross-section images of Cu and Cu-Nb materials before and after recrystallization 
inside area after 
annealing at 500
inside area at cold work
outside area after 
annealing at 500
outside area at cold work
Cross-sectional morphology of the Nb filaments and the Cu matrix is shown in Fig. 1 (a). The dark ribbon-like Nb 
filaments arrange to bundles. Moreover, each bundle is composed of 85 filaments regularly. However, each filament 
includes 85 sub-filaments similarly. There are four size of similar structure with 85 filaments. Accordingly, the 
dimensions of inner Nb filaments are about 200nm-wide and 90nm-thick while the interfilament spacing is about 
110nm [4]. Comparing the morphology of the outside Cu layers before and after annealing (Fig. 1 (a) and Fig. 1 (b)), 
we could observe the obvious grain growth after annealing. In contrast with the outside Cu layers, the layers between 
the sub-filaments grow slow relatively. It is mainly resulted that the micro-sized layers between sub-filaments 
suppressed the increasing of crystals. Moreover, grain of this kind of layers increased un-regularly compared with that 
at cold worked state. 
  
 
3.2. Resistivity measurements 
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Fig. 2 Dynamic resistivities of Cu and Cu-Nb micro-composites 
The electrical resistance of Cu-Nb micro-composites after SPD were measured as a function of the temperature 
during the heat treatment. The resistivity curves of Cu-Nb and Cu materials during the heating and cooling process is 
shown in Fig. 2. The change in resistivity for Cu-Nb micro-composites is observed at about 240 , well that happened 
on pure Cu at low temperature comparatively. The difference between the curves of heating and cooling attributes to 
the disappearing of dislocations and vacancies that connected with the process of recovery and recrystallization. Since 
the changes almost can be described as a linear relation [6], the resistivity depends on the resistivity at 0K and changes 
of temperature. As it is pointed that vacancies dislocations and grain boundaries are main factors for recrystallization 
of metals [7], which will rearrange during annealing process. It is found that vacancies have little effect on resistivity, 
also vacancies could be neglected during B&D fabrication route. Therefore, for Cu-Nb micro-composites without 
alloy phase, dislocation and grain boundary play leading role on resistance. That is, deformation degree, grain size and 
dislocation density greatly affect resistivity of Cu-Nb materials. 
 
Fig. 3 Derivatives of resistivity during warming up of Cu and Cu-Nb micro-composites 
In order to get insight of recrystallization behaviour, Matthiessen’s rule is introduced as following [8], 
( ) ( )i defectT T  
0 0
defect defectd
dT
                                                                                                                                         (1)      
Where ( )T  is the total resistivity, defect is the resistivity arising from defects and 
0
 and  are the resistivity at 
0K and the thermal coefficient due to defects, alloying and deformation, respectively. According to Eq. 1, the 
variations of  d dT  with temperature are shown in Fig. 3. It is found that the values of d dT  decrease slightly 
between 100  and 180  due to the recovery process, while a great decrease happened at about 220  for Cu-Nb 
connected with the beginning of recrystallization. Also small changes could be observed beyond 300 , which 
possibly caused by the coarsening of Nb filaments and broken of Cu layers. 
In view of the parallel relation between Nb filaments and Cu layers, the volume fraction of recrystallization could 
be calculated by deformed and recrystallized resistivity as Eq. 2[6]. 
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( )def T  and  are the resistivities in the deformed as well as recovered and recrystallized states, 
respectively. The V-Temperature curves are shown in Fig. 4. In comparing with Cu sample, the curve of Cu-Nb 
increases sharply during the temperature of 160 ~280 . It means that the recrystallization rate of Cu-Nb materials is 
relatively high and the behaviour finishes below 300 . It possibly reasoned that the high dislocation density, 
nanometer size and highly pure materials decrease the temperature of recrystallization.  
( )rec T
 
 
Fig. 4 Recovered and recrystallized volume fraction of Cu and Cu-Nb micro-composites 
 
4. Conclusion 
 
In summary, sub-filaments after SPD will be helpful to suppressing the increasing of grains. For Cu-Nb micro-
composites without alloy phase, dislocation and grain boundary play leading role on resistance. Moreover, 
deformation degree, grain size and dislocation density greatly affect resistivity of Cu-Nb materials. A slightly 
d dT variation between 100  and 180  due to the recovery process, while a great decrease happened at about 
220  for Cu-Nb connected with the beginning of recrystallization. And the recrystallization rate of Cu-Nb materials 
is relatively high and the behaviour finishes below 300 . 
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